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The in ovo electroporation technique in chicken embryos has enabled investigators to uncover the functions of numerous developmental genes.
In this technique, the ubiquitous promoter, CAGGS (CMV base), has often been used for overexpression experiments. However, if a given gene
plays a role in multiple steps of development and if overexpression of this gene causes fatal consequences at the time of electroporation, its roles in
later steps of development would be overlooked. Thus, a technique with which expression of an electroporated DNA can be controlled in a stage-
specific manner needs to be formulated. Here we show for the first time that the tetracycline-controlled expression method, “tet-on” and “tet-off”,
works efficiently to regulate gene expression in electroporated chicken embryos. We demonstrate that the onset or termination of expression of an
electroporated DNA can be precisely controlled by timing the administration of tetracycline into an egg. Furthermore, with this technique we have
revealed previously unknown roles of RhoA, cMeso-1 and Pax2 in early somitogenesis. In particular, cMeso-1 appears to be involved in cell
condensation of a newly forming somite by regulating Pax2 and NCAM expression. Thus, the novel molecular technique in chickens proposed in
this study provides a useful tool to investigate stage-specific roles of developmental genes.
© 2007 Elsevier Inc. All rights reserved.Keywords: Tet-on; Tet-off; In ovo electroporation; Somitogenesis; RhoA; cMeso-1; Pax2; NCAM; Cell condensationIntroduction
The chicken embryo has long been a powerful model in
modern developmental biology for two major reasons. First, the
tissue transplantation technique to make chicken–quail chi-
meras, in which a donor tissue can unambiguously be
distinguished from the host embryo, has made a huge
contribution to studying cell lineages and the mechanisms of
tissue interactions (Le Douarin and Kalcheim, 1999). Second,
the in ovo electroporation technique, developed in Nakamura's
laboratory (Funahashi et al., 1999), has enabled investigators to
genetically manipulate cells and tissues in a stage- and tissue-⁎ Corresponding author. Graduate School of Biological Sciences, Nara
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doi:10.1016/j.ydbio.2007.01.042specific manner. Moreover, the in ovo electroporation technique
can be combined with classical tissue transplantations, thus
making chick embryos a most powerful and unique model
animal (Stern, 2005). In most cases of in ovo electroporation,
the ubiquitously active promoter CAGGS has been used, which
contains the CMVand chicken beta-actin promoter (Niwa et al.,
1991). This promoter becomes active soon after electroporated
into cells (Momose et al., 1999).
During development, it is well known that the same set of
genes is used repeatedly in different contexts. This notion is
very obvious in somitogenesis. The somites are transient
structures that are regularly aligned on both sides of the midline
along the anteroposterior axis of the body. Somitic precursors
originate from the early mesoderm, which forms in amniote
embryos by ingression from the epiblast along the primitive
streak. Soon after the ingression, the presomitic mesoderm
(PSM) becomes visible as a pair of strips located on both sides
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segmentation, the “segmentation clock” operates in unsegmen-
ted PSM, where oscillatory expression of a set of segmentation
genes is seen. A central feature of the segmentation clock is
Notch signaling (Giudicelli and Lewis, 2004). Importantly, the
Notch signaling is also critical for the morphological
segmentation, the event following the clock (Sato et al.,
2002). Thus, Notch signals are repeatedly used in multiple
steps ranging at least from the formation of PSM to the final
step of the segmentation. It is therefore important to understand
the role of such genes in each of different steps in the
development. In general, however, if a gene manipulation at an
earlier stage in development causes fatal or severely
dysmorphic effects, other possible roles of the gene at later
stages would be overlooked.
We have indeed experienced such problems in the course of
molecular investigations of somitogenesis. We previously
attempted to study the roles of cMeso-1 (Buchberger et al.,
1998) and Pax2 (Suetsugu et al., 2002) in boundary formation
since the genes are expressed in a stripe pattern at the next-
forming boundary in the anterior PSM (see also below, Figs. 4
and 5). For this purpose we had electroporated a plasmid
containing CAGGS-cMeso-1 or CAGGS-Pax2 into the ingres-
sing mesoderm, the technique widely used for genetic
manipulation of PSM in chickens (Nakaya et al., 2004; Sato
et al., 2002). However, none of these constructs gave rise to
successful transgenesis of PSM probably because the electro-
porated cells with these activated genes failed to correctly
ingress from the primitive streak (more details described in the
present study). Thus, we have been unable to analyze the roles
of these genes in the somitogenesis.
To circumvent these problems, we have now developed an
electroporation technique with which we can conditionally
manipulate expression of a transgene in a stage-specific fashion.
For this purpose we applied to electroporated chicken cells the
tetracycline (tet)-controlled expression method, a technique that
has successfully been used to regulate gene expression in
cultured mammalian cells and mouse embryos (Furth et al.,
1994; Gossen and Bujard, 1992). Briefly, both the transcrip-
tional activators, reverse tet-controlled transcriptional activator
(rtTA) and tet-controlled transcriptional activator (tTA), act on
the cis-element promoter, tetracycline responsive element
(TRE) (Figs. 1A and 2A). rtTA binds TRE only in the presence
of doxycycline (an analog of tetracycline; Dox) and activates
transcription of the TRE-driven gene (“tet-on”) (Fig. 1A). tTA,
in contrast, binds to the TRE constitutively and activates theFig. 1. Inducible expression of electroporated DNA by the tet-on system. (A) A dia
carried out at stage 8 as previously described (Sato et al., 2002). Soon after the electro
protein can bind to TRE (cis-element shown in black) only after Dox (blue) is injected
containing TRE is designed to transcribe two genes bidirectionally. The TRE cassette
EGFP with the other transcription unit vacant (dotted arrow). (B) Dox-dependent in
shown in panel Awere co-electroporated. At 3 h after Dox administration, signals of
rtTA2s-M2, a modified protein of rtTA. (C) Western blotting analyses demonstr
electroporation efficiency were collected at different time points after Dox administr
solution containing 250 ng was sufficient to induce TRE-EGFP. (E) The ratio of DN
intense signals of EGFP compared to the ratio at 2:1.TRE-driven gene in the absence of Dox, whereas if added with
Dox in a cell, tTA is released from TRE, leading to an
inactivation of the TRE-driven gene (‘tet-off”) (Fig. 2A). Thus,
one can control the onset or termination of expression of
transgene by timing the Dox administration. Here we describe
for the first time that both the tet-on and tet-off systems work
efficiently in chicken embryos. Using this technique, we have
revealed previously unknown roles of RhoA, cMeso-1 and Pax2
in somitogenesis. In particular, cMeso-1 appears to be involved
in cell-condensation of a newly forming somite by controlling
Pax2 and NCAM.Materials and methods
Plasmids and constructs
The tetracycline-dependent transactivators, rtTA and tTA, DsRed2, short
half-life EGFP (d2EGFP) and pBI-EGFP were purchased from Clontech.
rtTA2S-M2 was a gift from Dr. Hillen (Urlinger et al., 2000). rtTA, tTA, rtTA2S-
M2 or DsRed2 fragment was subcloned into pCAGGS expression vector
(Momose et al., 1999; Niwa et al., 1991). A cDNA fragment encoding RhoA
(a gift from Dr. Kaibuchi), cMeso-1 (Buchberger et al., 1998) or Pax2 (Okafuji
et al., 1999) was inserted into blunt-ended MulI site of pBI-EGFP.
Embryological manipulations
Embryonic stages were described according to Hamburger and Hamilton
(1992). In ovo DNA electroporation was performed as previously described
(Nakaya et al., 2004; Sato et al., 2002). Eighteen hours after electroporation
when an embryo developed to st 12, 500 μl of HANKS' solution containing
doxycycline was injected in-between the embryo and the yolk, followed by
reincubation until the embryos were harvested.
Observation and detection of EGFP signals
Pictures of EGFP-positive embryos were acquired with a Nikon SMZ7500
stereomicroscope equipped with a Zeiss AxioCam HRc CCD camera. Exposure
time, gain and magnification were left constant for each embryo. JPEG images
were imported into Photoshop (image size was maintained constant for each
picture during the same series of analyses).
For Western blotting and intensity quantification of EGFP signals, electro-
porated somites/PSM were dissected and treated in lysis buffer (50 mM Tris–HCl
(pH7.4), 10mMMgCl2, 1%NP-40, 100mMNaCl, 10mg/ml leupeptin, 10mg/ml
aprotinin, 10 mM (p-amidinophenyl)-methanesulfonyl fluoride). Following
centrifugation at 20,000×g for 4 min at 4 °C, the supernatant was suspended
and then boiled for 10min in Laemmli sample buffer. The eluateswere subjected to
SDS–PAGE followed by immunoblotting with mouse anti-GFP mouse mono-
clonal antibody (Clontech) and HRP-conjugated anti-mouse IgG antibody
(Amersham). Signals for GFP protein were revealed with the ECL Advance
Western Blotting Detection kit (Amersham). Densitometric analysis was
performed using the luminous image analyzer LAS-3000 mini (Fuji Film).gram showing the principle of tet-on system. In ovo electroporation of PSM is
poration, rtTA protein (yellow) is produced by CAGGS-driven cDNA. The rtTA
into an egg. CAGGS-driven DsRed2 (red) is constitutively produced. A cassette
used in the experiments shown in this figure and also in Fig. 2 contained solely
duction of electroporated EGFP in early chicken embryos. The three plasmids
EGFP started to be observed. The lower panel is of a similar experiment but with
ating an increase in EGFP signals. Embryos that showed similar yields of
ation. (D) Optimization of the dose of Dox to administer to an embryo. A Dox
A amount at 1:2 between pCAGGS-rtTA2s-M2 and pTRE-EGFP yielded more
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Probes for cMeso-1 and Pax2 and the preparation of the probes were as
previously reported (Buchberger et al., 1998; Suetsugu et al., 2002). In situ
hybridization was performed as described in Nakaya et al. (2004) and Sato et al.
(2002).
RNAi by shRNA
We designed short-hairpin RNA (shRNA) to interfere with Pax2 expression,
referring to technical information of iGene, and the previously described method
(Katahira and Nakamura, 2003). Two sets of 19-mer oligonucleotides (#600,
GAGGAAACGTGATGAAGAT; #701, CCCAGCAGCAGCTGGAAGC) at
the position of 600 to 619 and 701 to 720 of the ORF, respectively, were
selected. These sequences displayed no homology to other genes confirmed by
BLAST search. For each of these two oligonucleotides, two sets of 19-mers, the
sense and antisense siRNA sequences, were designed to be linkedwith each other
with an intervening 9-nucleotide spacer (TTCAAGAGA) as a loop. A sequence
of scrambled control oligonucleotides was GCAATGACGCAGGTGACCA.
Six T bases and six A bases were added as a termination signal to the 3′ end
and 5′ end of the forward and reverse oligonucleotides, respectively. Then four
nucleotides corresponding to the EcoRI (AATT) and ApaI (GGCC) restriction
sites were added to the 5′ and 3′ end of the reverse oligonucleotides,
respectively. Forward and reverse oligonucleotides were incubated in an
annealing buffer (100 mM K-acetate, 30 mM HEPES-KOH (pH 7.4) and 2 mM
Mg-acetate) for 2 h, starting at 90 °C followed by gradual cooling. The annealed
DNA for siRNA was subcloned into the linearized pSilencer1.0-U6 siRNA
expression vector (Ambion) at the ApaI and EcoRI sites.
For the transfection into DF-1 cells, pTRE-EGFP-Pax2 and pCAGGS-
rtTA2S-M2 were co-transfected using Lipofectamine 2000 (Invitrogen) with a
plasmid encoding either #600- or #701 shRNAs, or control random RNA,
followed by Dox administration (0.1 ng/μl) at 24 h. After 12 further hours, the
cells were harvested and subjected to Western blot analyses. Anti-Pax2
polyclonal antibody (rabbit; ZYMED) and HRP-conjugated anti-rabbit IgG
were used to detect Pax2 protein.
Immunohistochemistry
Paraffin sections of embryos fixed in Carnoy's solution (60% ethanol, 30%
chloroform, 10% acetic acid) were prepared with a microtome (MICROM,
HM325). Frozen sections of embryos fixed in 4% paraformaldehyde/phosphate-
buffered saline (PBS) were prepared with a cryostat (MICROM, HM500 OM).
Histological sections of 8–10 μmwere treated with PBS followed by incubation
in the blocking solution with 2% skim milk or 10% lamb serum (GIBCO) in
PBS for 1 h at room temperature. The specimens were subsequently incubated at
4 °C overnight with the following primary antibodies: anti-GFP mouse
monoclonal antibody (1:1000, Clontech); anti-active Caspase 3 rabbit
polyclonal antibody (1:250, Promega); anti-Pax2 rabbit polyclonal antibody
(1:200, ZYMED); anti-NCAM mouse monoclonal antibody (1:200, DSHB);
anti-N-cadherin mouse monoclonal antibody (1:300, SIGMA); anti-E-cadherin
mouse monoclonal antibody (1:500, BD Biosciences); anti-laminin rabbit
polyclonal antibody (SIGMA). After three washes in PBS, the specimens were
subjected to a reaction with one of the following secondary antibodies (1:300
dilution for each): HRP-conjugated anti-mouse IgG (Amersham), Alexa 568
goat anti-rabbit IgG, Alexa 568 goat anti-mouse IgG, and Alexa 642 goat anti-
mouse IgG (Molecular Probes). The reaction of HRP-conjugated anti-mouse
IgG was developed in 80 μg/ml diaminobenzidine (DAB), 0.004% H2O2 in
PBS. Microscopic images were obtained using Axioplan2 Apotome scanning
microscope (Carl Zeiss).Fig. 2. Controlled termination of expression of electroporated DNA by the tet-off s
of rtTA (or rtTA2s-M2) and EGFP used in Fig. 1, tTA and d2EGFP were used in
released from TRE when Dox is present. (B) Dox-dependent termination of ex
plasmids shown in panel A were used for the co-electroporation. By 9 h after Do
signals were no longer detected.Results
Throughout this study, we used a plasmid vector that
contains a cassette in which two different genes can be
bidirectionally transcribed under the control of a single tet-
responsive element (TRE). This plasmid is designated in this
study as pTRE (precisely speaking, TRE is contained in the
plasmid called pBI; Clontech) (see Materials and methods, and
also Fig. 1A). To optimize the condition of the tet-on and tet-off
systems, we first used a pTRE that contained only EGFP cDNA
(Fig. 1A).
Doxycycline-dependent induction of electroporated EGFP by
tet-on system
We co-electroporated into chickens with three different
plasmids, pTRE-EGFP, pCAGGS-rtTA and pCAGGS-DsRed2,
into ingressing mesoderm cells at the anterior end of primitive
streak of stage 8 chicken embryos (3–4 somites) (Fig. 1A).
When the electroporated embryos developed to stage 12 (∼15
somites), a solution of Dox (0.5 ml of 0.1 μg/μl) was injected
into the egg between the embryo and yolk. Before the Dox
injection, virtually no EGFP signal was detected (although a few
individual cells with low EGFP signals were occasionally seen),
whereas intense signals by CAGGS-DsRed2 were observed
soon after the electroporation (Momose et al., 1999; Yasuda et
al., 2000). Three hours after the Dox injection, EGFP signals
started to be seen, and the intensity increased from that time
(n=22). We also noticed that a modified version of rtTA
(designated as rtTA2s-M2, given by Dr. Hillen) (Urlinger et al.,
2000) conferred more intense signals compared to those by rtTA
(n=19; Fig. 1B). In these embryos, we did not see any “leak” of
EGFP-positive cells before Dox injection. Therefore, we
decided to use rtTA2s-M2 in the following tet-on studies.
Without rtTA2s-M2, TRE-EGFP remains inactive, indicating
that the induced expression of EGFP was rtTA2s-M2-dependent
(Fig. 1B). The histological observations described above were
also supported by Western blotting analyses that showed a 2.7-
fold increase in the signal ratio of EGFP/total proteins (Fig. 1C).
We next determined the optimal delivery conditions regard-
ing the dose of Dox. As shown in Fig. 1D, Dox of 250 ng
(0.5 ml of 0.5 ng/μl) was sufficient to efficiently induce the
signal of TRE-EGFP. No toxicity was observed with a dose at
least up to 50 μg. We also found that a single administration of
Dox was sufficient for the induced expression to be maintained
at least until 48 h after Dox. In addition, the amount ratio
between pCAGGS-rtTA2s-M2 and pTRE-EGFP at 1:2 yielded
an efficiency of expression higher than the ratio at 2:1 (10
embryos for each; Fig. 1E). Therefore, we used these conditions
in the following experiments.ystem. (A) The experimental design is similar to that shown in Fig. 1. Instead
this experiment. rtTA, a constitutive transcription activator bound to TRE, is
pression of electroporated DNA in developing chicken embryos. The three
x administration, d2EGFP signals started to be diminished, and by 15 h the
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system
Fig. 2A shows a conditional shut-off of TRE-EGFP expression
in chickens using tTA. Embryos were electroporated with three
plasmids: pTRE-d2EGFP, pCAGGS-tTA and pCAGGS-
DsRed2. Thus, what differs from the previous experiment is
the use of tTA instead of rtTA and also d2EGFP instead of EGFP.
d2EGFP is an engineered form of EGFP so that the protein can
degrade more rapidly than EGFP (CLONTECHniques). Soon
after the electroporation in the absence of Dox, TRE-d2EGFP
was turned on by the transcriptional activity of tTA. And since
co-electroporated plasmids are, in general, expressed in the same
set of cells (Momose et al., 1999; Sato et al., 2002), the patterns
of signals of TRE-d2EGFP and CAGGS-DsRed2 were similar
between them (data not shown). In contrast, after Dox
administration, the intensity of d2EGFP signals diminished
from 9 h onward followed by their complete disappearance by
15 h (n=10; Fig. 2B).
RhoA caused cell death in PSM
We previously reported that Rho family small GTPases play
important roles in somitogenesis. In particular, Cdc42 and Rac1
are crucial for the binary determination between mesenchymal
and epithelial states of cells when the epithelial somites develop
from mesenchymal PSM (Nakaya et al., 2004; Takahashi et al.,
2005). However, in those studies and as also confirmed in this
study, we could not analyze the role of RhoA in somitogenesis as
long as pCAGGS vector was used. The electroporation of
pCAGGS-RhoA (n=9) or pCAGGS-CARhoA (a constitutively
active form of RhoA; n=8) into ingressing mesoderm failed to
produce PSM cells with the expressed transgene (Fig. 3A),
whereas similar approaches using EGFP, Cdc42 or Rac1 resulted
in successful transgenesis in PSM (Nakaya et al., 2004;
Takahashi et al., 2005). We reasoned that RhoA caused serious
effects on the ingressing mesoderm, thus prohibiting the analysis
of the role of this gene at later stages such as in somitic
epithelialization. Therefore, we used the tet-on system developed
in this study so that RhoAwould start to be expressed when the
RhoA-electroporated cells have reached the anterior end of PSM.
For this purpose, we constructed the plasmid pTRE-EGFP-
RhoA, which has bidirectionally transcribed units under the
control of TRE, and electroporated this plasmid along with
pCAGGS-rtTA2s M2 (Fig. 3B). Soon after Dox administration,
the distribution pattern of pTRE-EGFP-RhoA-receiving cells
(visualized by EGFP) was similar to that of pTRE-EGFP control
(data not shown). In clear contrast, by 12 h after Dox, pTRE-
EGFP-RhoA-electroporated cells started to display behaviors
different from control EGFP cells, and by 24 h a substantial
number of the electroporated cells vanished (n=15; Fig. 3C).
We reasoned that the loss of the electroporated cells was elicited
by cell death. To test this, we examined apoptosis by staining for
activated Caspase 3, a marker of apoptotic cells. As shown in
sagittal sections of a region spanning PSM and formed somites,
most of the RhoA-activated cells were aberrant in cell shape and
also positive for activated Caspase 3 (Fig. 3D). Furthermore, thenumber of Caspase 3-positive cells per total number of
electroporated cells was significantly greater for pTRE-EGFP-
RhoA (27.2±9.3% Fig. 3E) than control EGFP (3.5±2.3%
Fig. 3E).
Thus, the tet-on inducible system in chicken embryos enabled
us to examine the effects of RhoA activation on forming somites,
the analysis which would not have been possible with a
conventional promoter such as CAGGS. And this method leads
us to conclude, for the first time, that the role of RhoA in
somitogenesis is, if any at all, not relevant to epitheliogenesis,
contrasting with the roles of Rac1 and Cdc42 (Nakaya et al.,
2004; Takahashi et al., 2005). In addition, the reason why we
could previously not succeed in electroporating CAGGS-RhoA
into developing PSM appears to be that RhoA caused cell death
as early as the stage of mesoderm ingression, thus preventing
analyses at later stages.
Tet-controlled cMeso-1 expression caused cell aggregation in
PSM
cMeso-1, a chicken homolog of mouse Mesp2, is normally
expressed at the anterior end of PSM (Buchberger et al., 1998)
(Fig. 4A). To understand the role of cMeso-1 in somitogenesis,
particularly after the PSM has formed, we first attempted to
overexpress this gene in PSM by electroporating pCAGGS-
cMeso-1. However, this manipulation resulted in the formation
of a knot-like structure, consisting of the electroporated cells, in
a region near the tail bud (n=34; Fig. 4B). Such aggregates of
cells were often located in the vicinity of a neural tube, which
was also smaller and aberrant in shape (Fig. 4C). It is thus
conceivable that cMeso-1 overexpression affected the normal
process of cell ingression from the epiblast.
We therefore switched to the tet-on system so that exogenous
cMeso-1would start to be expressed after it has been delivered in
the formed PSM. We electroporated three kinds of plasmids;
pTRE-EGFP-cMeso-1, pCAGGS-rtTA2s-M2, and pCAGGS-
DeRed2 (Fig. 4D) in a way similar to the experiments shown
above. At the time of Dox administration, signals for EGFPwere
not detected whereas CAGGS-DsRed2 was successfully
delivered to the developing PSM (Fig. 4E). After 3 h when
TRE-driven expression of EGFP and cMeso-1 was started to be
seen, these positive cells were still randomly and widely
distributed in the PSM. Starting at 6 h onward, the electroporated
cells underwent aggregation, and the aggregation became
pronounced by 12 h (n=25; Fig. 4E).
We further analyzed how cMeso-1 caused cell aggregation
by preparing histological transverse sections of the electro-
porated embryos. We found that the expression level of NCAM
(n=16; Figs. 4F, G), but not E-cadherin or N-cadherin (data not
shown; see also Fig. 6D), was significantly augmented in the
cells electroporated with pTRE-EGFP-cMeso-1. During normal
somitogenesis, the cells at the anterior end of PSM, which
express cMeso-1 (Buchberger et al., 1998) and NCAM (Duband
et al., 1987), undergo condensation prior to segmentation.
Therefore, the data shown in this study imply that cMeso-1 and
NCAM regulate the condensation of cells in the anterior region
of PSM.
Fig. 3. Conditional activation of RhoA caused cell death during somitogenesis. (A)WhenRhoA or a constitutively active form of RhoA (CARhoA)was expressed using
pCAGGS expression vector, almost no PSM cells with the transgene were observed whereas electroporation with control EGFP resulted in successful transgenesis in
developing PSM. (B) A set of expression vectors used in the experiment. RhoA cDNAwas subcloned into the TRE-bidirectional cassette so that TRE simultaneously
drives transcriptions of both RhoA and EGFP if bound by rtTA in the presence of Dox. (C) Embryos were electroporated with the two kinds of plasmids as shown in
panel B, followed byDox administration after 18 h. By 12 h after Dox injection, cells positive for EGFP andRhoA, which had beenwidely distributed in the PSMbefore
Dox, started displaying phenomena different from control EGFP. By 24 h, a majority of the electroporated cells vanished. (D) Ectopic activation of RhoA caused cell
death in the PSM. Sagittal sections were prepared and subjected to immunohistological staining for the activated Caspase 3, a marker for apoptosis. Early somites where
RhoAwas conditionally activated contained cells positive for Caspase 3 with the number greater than control somites by about 7.8-fold (E).
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Fig. 4. Conditional activation of cMeso-1 caused cell aggregation during somitogenesis. (A) cMeso-1mRNA is expressed in a stripe pattern at the anterior end of PSM
and also in the tail bud as previously reported (Buchberger et al., 1998). (B) When cMeso-1 was overexpressed using the pCAGGS expression vector, the
electroporated cells were stuck around the tail bud and did not contribute to the PSM elongation. These cells comprised an aggregate located near the neural tube,
whose shape was also affected (C). (D) A set of expression vectors used in the experiment. cMeso-1 was subcloned into the TRE-bidirectional cassette so that cMeso-1
and EGFP would be simultaneously transcribed by the tet-on system. (E) Embryos were electroporated with the set of plasmids shown in panel D followed by Dox
administration after 18 h. At 3 h onward, the electroporated cells, which were induced to express both cMeso-1 and EGFP, started aggregating with each other, and this
aggregation became more obvious by 12 h. (F) Cell aggregates formed by cMeso-1 exhibited upregulated NCAM (arrowheads) whereas control EGFP had no effect on
NCAM (G).
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Like cMeso-1, Pax2 also displays a characteristic pattern
of expression in PSM localized at the next-forming boundary
(Fig. 5A) (Suetsugu et al., 2002). When electroporated withpCAGGS-Pax2, the transgene-receiving cells were stuck at
the ingression site near the primitive streak, and the
resulting embryos displayed severely malformed neural
tubes and paraxial mesoderm (n=25; Figs. 5B, C). We
therefore used pTRE-EGFP-Pax2 for co-electroporation
Fig. 5. Conditional activation of Pax2 caused cell aggregation during somitogenesis. (A) Pax2mRNA is expressed in a stripe pattern at the anterior end of PSM and in
the tail bud in addition to the Wolffian duct as previously reported (Suetsugu et al., 2002). (B) When Pax2 was overexpressed using pCAGGS expression vector, the
electroporated cells were stuck around the tail bud and did not contribute to the PSM elongation. (C) The formation of the tail bud region in electroporated embryos was
severely affected, with the neural tube and paraxial somite distorted. In addition, Pax2-overexpressing cells comprised aggregates. (D) A set of expression vectors used
in the experiment. Pax2 was subcloned into the TRE-bidirectional cassette so that Pax2 and EGFP would simultaneously be transcribed by the tet-on system. (E)
Embryos were electroporated with the set of plasmids shown in panel D followed by Dox administration after 18 h. By 8 h after Dox, the electroporated cells, which
were induced to express Pax2 and EGFP, formed aggregated cell masses. (F) Transverse sections demonstrate that ectopic signals for NCAMwere detected in the cell
aggregates formed by Pax2 (arrowheads).
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shown above (Fig. 5D). Eight hours after Dox injection,
Pax2-EGFP-expressing cells started to undergo aggregation,
and this phenomenon became more obvious by 16 h (n=29;
Fig. 5E). As in the case of cMeso-1, the Pax2-expressingaggregates displayed an elevated level of NCAM (n=18;
Fig. 5F).
Thus, in addition to cMeso-1, Pax2 also appears to play a
role during normal somitogenesis in cell aggregation/condensa-
tion, the event normally taking place at the anterior end of PSM.
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Extending these findings, we employed the tet-on system
to investigate the possible relationships between the cMeso-1,
Pax2, and NCAM expression during somitogenesis. When
cMeso-1 was overexpressed in PSM cells, the cells showed
upregulated expression of Pax2 revealed by anti-Pax2
antibody (Fig. 6A; n=17), in addition to the NCAM
augmentation (Figs. 4F and 6A). We observed no effect on
the expression pattern of cMeso-1 by Pax2 (data not shown,
n=13). We then asked whether Pax2 was required for the
cMeso-1-induced upregulation of NCAM using RNAi tech-
niques. We prepared two independent constructs that encode
short-hairpin RNA (shRNA) against Pax2 (Pax2-shRNA,
#600 and #701).
First, the efficacy of each Pax2-shRNA in reducing Pax2
levels was tested in cultured cells DF-1 (a chicken fibroblast-
derived cell line) by Western blotting analyses. pTRE-EGFP-
Pax2 was transfected into the cells along either with a
plasmid encoding control random oligo-shRNA, with a
plasmid encoding Pax2-shRNA, or with both plasmids,
followed by a Dox induction. As shown in Fig. 6C for
Pax2-shRNA #600, the production of Pax2 protein was
interfered with specifically by the Pax2-shRNA (n=3). The
same results were obtained for Pax2-shRNA #701 (n=3; data
not shown).
We next carried out RNAi experiments using these shRNA-
encoding plasmids. When cMeso-1 was co-expressed with
control shRNA, the upregulation of Pax2 and NCAM was
observed as shown in A (n=8, Fig. 6D). In contrast, co-
expression of cMeso-1 and Pax2-shRNA abolished such
upregulation (Fig. 6D, n=11 for #600, n=8 for #701). Taken
together, we conclude that, in the anterior end of PSM during
normal somitogenesis, cMeso-1 is located upstream to Pax2, and
also that Pax2 is sufficient and required for the augmented
expression of NCAM.
It is uncertain whether the cMeso-1-induced cell aggrega-
tion is controlled solely by NCAM. In 17 embryos out of 19
where the cMeso-1-induced upregulation of Pax2/NCAM was
abolished by Pax2-shRNA, the cell aggregation appeared less
extensive compared to the prominent aggregates induced by
cMeso-1 alone (Fig. 6D). Nevertheless, there still appeared to
be more aggregation of the electroporated cells than in control
TRE-GFP embryos (see Figs. 4G, 6A). The distribution
pattern of other adhesion molecules N-cadherin, E-cadherin
and laminin remained unchanged both in the case of control
shRNA and Pax2-shRNA (Fig. 6D). A residual level of
NCAM expression after Pax2-shRNA might promote such
weak aggregation.Fig. 6. A molecular cascade including cMeso-1, Pax2 and NCAM. The set of plasmi
transverse view. (A) In cell aggregates elicited by the cMeso-1 overexpression, but not i
addition to the upregulation of NCAM. (B) The diagram shows a set of DNA constr
specific knockdown of Pax2 production by Pax2-shRNA (this blot is with #600 shRNA
and plasmids encoding Pax2-shRNA and/or control shRNA followed by Dox administ
cMeso-1 was co-expressed with control shRNA, augmentation of Pax2 and NCAM wa
unchanged. In contrast, when Pax2-shRNA of #600 or #701 was co-expressed with c
and E-cadherin remained unchanged.Discussion
The in ovo electroporation technique developed by Naka-
mura's group in 1999 opened a new era in chicken embryology,
where an exogenous gene can be introduced and expressed in
early embryos (Funahashi et al., 1999; Momose et al., 1999). In
most cases, the powerful and ubiquitously active promoter,
CAGGS, has been used. Since chicken embryos are accessible
for tissue- and stage-specific manipulations, as shown by a vast
number of embryonic surgeries, even the non-tissue-specific
CAGGS promoter system has allowed the discovery of some
tissue-specific gene functions. However, as exemplified by
early somitogenesis, an increasing number of reports have
recently shown that the same gene is repeatedly involved in
several distinct steps in development. Thus, the investigators
have become more aware of the necessity of a method for
conditional manipulation with which a transgene would be
controlled more precisely. This notion has already been
appreciated in mouse knockout studies; if a ubiquitous loss of
function of a gene causes an early lethality, its roles at later
stages would be overlooked.
In this study we have established a method of stage-
controlled conditional expression in chicken molecular
embryology by exploiting the inducible regulation of tetra-
cycline-dependent transcriptional activator, the technique used
successfully in mammalian cultured cells and mouse embryos
(Furth et al., 1994; Gossen and Bujard, 1992). With this
method, we can now control either the onset or the termination
point of expression of a transgene electroporated into chicken
embryos. Controlling the onset of transgene is particularly
useful if one wants to study the later roles of a given gene that
is involved in multiple steps of development. Thus, by
injecting Dox at a later stage to induce the expression of
transgene, possible effects by this gene at earlier steps can be
bypassed.
This was indeed the case for the roles of RhoA, cMeso-1 and
Pax2 during somitogenesis as demonstrated in this study. Each
of the three genes, when overexpressed by the conventional
ubiquitous promoter CAGGS, had caused fatal effects on cells
soon after the electroporation, around the stage of mesodermal
ingression from the primitive streak. These phenomena
precluded investigating their roles later in somitogenesis. By
using the tet-on method described in this study, we were for the
first time able to investigate their roles specific to the process in
PSM maturation. In particular, stage-controlled overexpression
of both cMeso-1 and Pax2 caused a similar phenotype of
ectopic cell condensation in developing PSM, prompting us to
study the relationship between these two genes. We found that
cMeso-1 upregulates Pax2, which is in turn sufficient and alsods used for the electroporation was the same as shown in Fig. 4D. Photos are of
n the EGFP-electroporated cells, Pax2 was ectopically upregulated (arrowheads) in
ucts used for the RNAi experiment. (C) Western blotting analyses demonstrate a
). DF-1 cells were co-transfected with pTRE-EGFP-Pax2, pCAGGS-rtTA2S-M2
ration. Relative ratio of signals between Pax2 and EGFP was obtained. (D) When
s observed as shown in panel A, with other markers, N-, E-cadherins and laminin,
Meso-1, no upregulation of Pax2 or NCAM was detected. Signals for N-cadherin
636 T. Watanabe et al. / Developmental Biology 305 (2007) 625–636essential to achieve high expression of NCAM. This molecular
cascade would not have been revealed if the CAGGS expression
vector had been used. It remains to be studied whether NCAM
is sufficient to elicit cell aggregation.
The tet-on system has also enabled us to describe the effects
on PSM caused by hyperactivation of RhoA. In contrast to two
other members of Rho family, Cdc42 and Rac1, which are
involved in mesenchymal-to-epithelial transition and/or
changes in cell polarity (Nakaya et al., 2004; Takahashi et al.,
2005), RhoA does not appear to be involved in either of these
events. Because overexpression of the dominant negative form
of RhoA gives no appreciable effects (Nakaya and Takahashi,
unpublished data), it is likely that RhoA plays little or no role
during somite development.
The tet-off system is also useful. For example, one can
determine until what stage in development the function of a given
gene is required. In addition, as reported by Hilgers et al. (2005),
the tet-off system can be used to study a half-life (also considered
as a degradation rate) of a mRNA of transgene because the de
novo transcription can be conditionally terminated.
We also highlight a usefulness of the pTRE vector that
allows bidirectional transcription. We used this plasmid for
expression of EGFP and a gene of interest (RhoA, cMeso-1 or
Pax2). Since both transcriptional units can simultaneously be
turned on (or off) by Dox, an affected behavior of cells, such as
cell shapes, cell death, cell proliferation or cell location, can
easily be visualized and detected by EGFP signals. Thus, this
technique can substitute for a molecular tag being added to a
gene to be investigated, which sometimes interferes unexpect-
edly with the normal function of the gene product.
Lastly, developing new molecular tools in chicken molecular
embryology as described in this study is promising for
discovering novel phenomena in cell behavior and the under-
lying mechanisms. For instance, as recently reported by
Kondoh's group (Uchikawa et al., 2003, 2004), a genomic
comparison between chicken and other vertebrate species
facilitates the elucidation of specific enhancer elements, and
this knowledge will in turn allow tissue-specific manipulation,
easily performed by in ovo electroporation in chickens. One can
further extend this, by combining it with the tet-controlled
conditional expression system, to perform a precisely controlled
manipulation of cells in a cell type-specific manner during a
defined time window of development.
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